Many membrane proteins are known to form higher-order oligomers, but the degree to which membrane regions could facilitate protein complex assembly remains largely unclear. Clusters of chemotaxis receptors are among the most prominent structures in the bacterial cell membrane, and they play important functions in processing of chemotactic signals. Although much work has been done to elucidate mechanisms of cluster formation, it almost exclusively focused on cytoplasmic interactions among receptors and other chemotaxis proteins, whereas involvement of membrane-mediated interactions was only hypothesized. Here we used imaging of constructs composed of only a fluorescent protein and the TM helices of Tar to demonstrate that interactions between the lipid bilayer and transmembrane (TM) helices of Escherichia coli chemoreceptors alone are sufficient to mediate clustering. We found that the ability to cluster depends on the sequence or length of the TM helices, implying that certain conformations of these helices facilitate clustering, whereas others do not. Notably, observed sequence specificity was apparently consistent with differences in clustering between native E. coli receptors, with the TM sequence of better-clustering high-abundance receptors being more efficient in promoting membrane-mediated complex formation. These results indicate that being more than just membrane anchors, TM helices could play an important role in the clustering and organization of membrane proteins in bacteria.
The subcellular localization and higher oligomerization of proteins are crucial for cellular function both in eukaryotes and prokaryotes (1) (2) (3) (4) (5) . However, the factors involved in generating macromolecular complexes and how these complexes find their location in the cell are still being explored. The largest protein complexes in the bacterial membrane are formed by the chemotaxis receptors and cytoplasmic chemotaxis proteins (6, 7) . These clusters are primarily found at the poles in Escherichia coli and in most other motile bacteria (2, 8 -10) , providing a prime example to study factors that influence subcellular localization and higher order oligomerization of bacterial proteins. These large macromolecular clusters have currently been established to have a universal architecture composed of a hexagonal lattice where trimers of receptor dimers are bridged by the chemotaxis proteins CheA and CheW (11, 12) . Consistent with that, mutations at the interface between CheW and CheA were able to disperse receptor clusters (13) . Although the chemoreceptor, CheA, and CheW make up the core of the complex, other chemotaxis proteins including CheR, a methyltransferase, and CheB, a methylesterase, associate to the array. Methylation of the chemoreceptors by CheR and CheB is involved in adaptation that allows bacteria to respond to increasing concentrations of ligand, but the methylation state of the chemoreceptor has been shown to influence clustering of the receptor as well (14, 15) .
Among the different chemoreceptors in E. coli, the primary subcellular localization is the same, but the propensity of cluster formation is not. The different chemoreceptors readily form mixed clusters (16 -18) , but only the high-abundance receptors for aspartate and serine, Tar and Tsr, can cluster autonomously. The low-abundance receptors for dipeptide and sugars, Tap and Trg, however, localize at the poles, but do not form clusters in the absence of high-abundance receptors (15, 18) . With the high-abundance receptors, polar localization of the chemoreceptors and to some extent even cluster formation could be observed in the absence of CheA and CheW (19) . Taken together, these results suggest that there could be different factors that play a role in cluster formation and subcellular localization of chemoreceptors. Recent models, which could account for subcellular localization and clustering of the chemoreceptor in the absence of CheA and CheW, are based on interactions between receptors and the lipid bilayer. These models suggest that receptors could partition into parts of the bilayer that match the height of their transmembrane (TM) 3 helices while simultaneously deforming the bilayer, which acts as an attractive force to promote receptor clustering (20) . Such hydrophobic mismatch could broadly facilitate clustering of membrane proteins (21) , although it was only demonstrated for a few eukaryotic proteins (22, 23) . Chemoreceptor interactions with the membrane might also play a key role in the polar localization of receptors, whereby curvature mismatch between the This work was supported by Grants SO 568/1-1 and TRR174/1 from the Deutsche Forschungsgemeinschaft. The authors declare that they have no conflicts of interest with the contents of this article. This article contains Figs. S1-S3. 1 trimer of receptor dimers and the lateral lipid bilayer drives receptors toward the poles (24, 25) .
Here we studied the potential role of membrane interactions in forming clusters by investigating the clustering of constructs composed of only a fluorescent protein and the TM helices of Tar. We demonstrate that the TM helices can indeed mediate clustering in a sequence-specific manner, seemingly consistent with differences in clustering that are observed between the native E. coli chemoreceptors.
Results

TM helices of Tar can mediate clustering
Tar, a typical bacterial chemoreceptor, consists of several domains, including the first transmembrane helix and the periplasmic ligand-binding domain followed by the second transmembrane helix connected to the cytoplasmic portion of the receptor (Fig. 1A) . To investigate the potential role of the TM region as a driving force for the association and localization of bacterial membrane proteins, we generated a TM1-sfGFP-TM2 construct that consists of the first TM1 helix of Tar (residues 1-43) followed by a 5-amino acid linker, sfGFP, and the second TM2 helix (residues 184 -214). We observed that this construct forms discrete clusters-defined here as discrete visible patches of fluorescent proteins-along the membrane in wildtype cells ( Fig. 1B) . Such patches could be seen in over 90% of cells (Table 1) . Because this clustering cannot be mediated by previously identified periplasmic or cytoplasmic receptorreceptor interactions, the TM helices of Tar seem to be sufficient to mediate formation of protein complexes in the membrane. In contrast to larger polar clusters observed for native chemoreceptors (6, 7), these TM1-sfGFP-TM2 clusters are primarily positioned along the lateral body as multiple small patches, suggesting that their organization may be different from the native receptor clusters.
To verify whether this clustering was specific to the TM helices of Tar, we created a construct consisting of the periplasmic domain and transmembrane helices of the low-abundance chemoreceptor Tap fused to the fluorescent protein mCherry in the cytoplasm. The Tap 1-212 -mCherry construct was uniformly distributed in the membrane (Fig. 1C ). In contrast, a similar construct of Tar (Tar 1-214 -mCherry) did form clusters ( Fig. 1D ) that were similar to the TM1-sfGFP-TM2 clusters. This difference between the clustering of truncated Tar and Tap constructs, lacking the cytoplasmic domains, is apparently consistent with the lower propensity of Tap to cluster, suggesting that clustering relies on specific determinants within the TM helices of Tar. Furthermore, the clustering of TM1-sfGFP-TM2 did not result from incorporation of this construct into 
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full-length chemoreceptor arrays, because clusters formed by the native receptors and by the TM1-sfGFP-TM2 construct clearly did not colocalize (Fig. 1E ).
The QXXS motif is important in clustering of TM1-sfGFP-TM2
Next we investigated whether specific residues in the TM sequence of Tar were required for the formation of clusters. Polar residues in TM helices have been previously suggested to mediate helix-helix association in the bilayer (26) , and TM1 of Tar contains two polar residues: glutamine and serine ( Fig. 2A) . These residues were previously identified as part of a QXXS motif that is highly conserved in chemoreceptors homologous to Tar and Tsr across many species ( Fig. 2B) (27) and that was proposed to mediate TM1-TM1Ј dimerization (28) . To test the potential role of this motif in clustering, the glutamine was replaced by a phenylalanine, a residue of similar size but nonpolar. TM1 Q22F -sfGFP-TM2 failed to cluster in wildtype cells and was uniformly distributed in the membrane (Fig. 2C) , with none of the cells observed to have clusters (Table 1) . Incidentally in the native sequence of Trg, this site is a phenylalanine instead of glutamine, which could explain the less-efficient clustering of this low-abundance receptor.
In the TM1 sequence of the other high-abundance receptor Tsr, the bulky isoleucine is replaced by a threonine, a small but polar residue ( Fig. 2A) . The corresponding substitution in TM1 I24T -sfGFP-TM2 was still capable of generating clusters, albeit not as strongly as in the native sequence ( Fig. 2D ), with less than 40% of cells containing clusters (Table 1) . In contrast to the other low abundance chemoreceptor Trg, Tap does contain the Gln and Ser present in the high-abundance receptors but has a small glycine instead of a bulky hydrophobic residue in between. Consistent with the reduced ability of Tap to cluster, TM1 I24G -sfGFP-TM2 failed to cluster ( Fig. 2E) , with none of the cells containing clusters ( Table 1) , demonstrating that the ability of TM1 to mediate clustering depends not merely on the polar residues but also on the sequence context.
We also examined the importance of one of the glutamine residues in TM2 (Fig. 2, F and G) . Again mutating the glutamine to a residue of similar size but nonpolar, TM1-sfGFP-TM2 Q193M , strongly reduced clustering ( Fig. 2G and Table 1) , confirming the general importance of polar residues in TMmediated interactions that could generate higher oligomers in the membrane.
Clustering of TM1-sfGFP-TM2 is affected by expression of other membrane proteins
Although the TM1-sfGFP-TM2 clusters did not colocalize with native receptor clusters, we still tested whether they were influenced by the presence of native receptors. Interestingly, the clustering of TM1-sfGFP-TM2 was not present in the receptorless strain or in the strain lacking the most abundant receptor, Tsr, whereas deletion of the less abundant receptor Tar had little effect ( Fig. 3A and Table 1 ). In the receptorless strain, TM1-sfGFP-TM2 was generally less efficiently incorporated into the membrane, making it difficult to tease out whether the reduced clustering is due to lower protein levels or inversely whether the ability to cluster stabilizes the protein in the membrane. In any case, this defect in clustering and/or stability could be restored by the expression of either Tsr or Tar from a plasmid in the receptorless strain ( Fig. 3B) . Even low expression without induction or with low induction was sufficient to promote TM1-sfGFP-TM2 clustering. Surprisingly, expression of other randomly chosen membrane proteins, the glucose transporter PtsG, or the histidine kinase YedV could also promote clustering of TM1-sfGFP-TM2.
To determine whether the seeming dependence of clustering on the amount of protein in the membrane was specific to the TM sequence of Tar, we tested the effect of Tsr expression on Tap 1-212 -mCherry and on TM1 I24G -sfGFP-TM2. Even upon strong induction of Tsr expression, both these constructs failed to cluster (Fig. 3C) .
Changes in the TM helix height affect clustering
We further investigated the possible role of hydrophobic mismatch in clustering by creating constructs where residues were removed or added to the TM helices of TM1-sfGFP-TM2. The addition or removal of three residues to TM2 induced strong clustering even in the receptorless strain ( Fig. 4A , Table  1 , and Fig. S1 ), where the original construct did not cluster (Fig.  3A ). This effect, however, was not solely dependent on a change in helical length, because subtracting one residue from TM2 also induced clusters, whereas subtracting two did not ( Fig. 4A and Table 1 ). The symmetric addition of three residues to both TM1 and TM2 also enhanced cluster formation in the receptorless strain, suggesting that it was not the asymmetry in length between the TM helices that generated clustering but in fact hydrophobic mismatch.
To assess the relative importance of hydrophobic mismatch and polar residues in clustering, we introduced replacements Q22F or Q193M into the ϩ3TM2 construct. Although the Q22F replacement in TM1 markedly reduced the ability of ϩ3TM2 to cluster, with only 12% of the cells containing clusters, the Q193M substitution in ϩ3TM2 had little effect ( Fig. 4B and Table 1 ). These results demonstrate the particular importance of Gln 22 and suggest that more than hydrophobic mis- Clustering of transmembrane helices match and specific hydrogen-bonding contacts are required for TM1-sfGFP-TM2 to cluster. Despite the observed influence of the TM2 helix length on clustering of the membrane construct, we observed that extension or shortening of the TM2 helix had little effect on clustering of the full-length Tar in the receptorless strain, with clusters visualized using mCherry-CheW (Fig. 5A ). Because CheW is also a core component of the chemoreceptor cluster, the clustering was also tested using mCherry-CheR, with similar results (Fig. S2) .
Interestingly, in the receptorless ⌬cheRBYZ strain there was even a reduction in the number of cells with clusters for both Ϫ3TM2 and ϩ3TM2 Tar (Fig. 5, B and C) . Whereas in cells expressing the wildtype Tar the majority contained chemotaxis clusters in the receptorless ⌬cheRBYZ strain, only a minority of cells showed clusters for Ϫ3TM2 and ϩ3TM2 Tar ( Table 1) . This means that the same modifications to the TM2 region that enhance clustering of TM1-sfGFP-TM2 have the opposite effect for the full-length receptor, apparently pushing it away from a conformation that favors clustering.
Sequence modifications in TM1 affect the clustering of the full-length receptors
To investigate the importance of the TM1 sequence, particularly of the QXXS motif, for clustering we introduced modifications into TM1 of the full-length receptors. To examine the role of the Gln in this motif, we first introduced the Q22F replacement into the full-length Tar. When visualized using mCherry-CheW or mCherry-CheR in the receptorless strain, Tar Q22F showed clustering very similar to the native Tar ( Fig.  5A and Fig. S3 ). However, the effect of the Q22F substitution was more pronounced in the receptorless ⌬cheRBYZ strain lacking the adaptation system, decreasing the number of cells with clusters ( Fig. 5, B and C, and Table 1) in agreement with the effect of this substitution on the TM1-sfGFP-TM2 construct.
We further modified the corresponding sequence of the low abundance receptors Trg and Tap. When Trg carrying the Phe 32 to a Gln substitution in the TM1 region was expressed in the receptorless strain, the amount of mCherry-CheW in local- 
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ized complexes (including polar caps) was slightly reduced (Fig.  6 , A and C) compared with the native Trg. Thus, the replacement of the Phe to Gln by itself was not sufficient to enhance clustering. In contrast, when the entire sequence of the QXXS motif found in Tar was introduced into Tap to generate Tap I23L/G24I , it increased the amount of chemoreceptors in the localized complexes by ϳ30% (Fig. 6, B and D) . Although substitutions of the residues in the QXXS motif of Tar increased the amount of Tap in complex, it was not enough to push Tap into forming the distinct rounded clusters observed for Tar ( Fig. 5B) , indicating that other elements in the structure of Tar also contribute to its ability to cluster.
Discussion
Thus far, most models of chemoreceptor clustering in bacteria attribute it exclusively to cytoplasmic contacts between receptors, CheA and CheW (10, 12, 29) . In contrast, our study suggests that the TM helices of receptors rather than simply being membrane anchors, might also mediate protein organi-zation within the membrane. Generating a construct consisting of only the transmembrane region allowed us to probe these more subtle protein-protein interactions, demonstrating that the TM helices alone are sufficient to generate clusters. These findings establish an example of cluster formation mediated by TM helices in bacteria, and they may explain certain puzzling features of chemoreceptor clustering, such as residual cluster formation in the absence of CheA and CheW (19) or differences in clustering between high-abundance and low-abundance receptors (15) .
The precise nature of the clusters formed via the transmembrane helices is difficult to assess in vivo given that they do not colocalize with native clusters and lack cytoplasmic or periplasmic domains by which functionality could be tested. The fact that the clustering is dependent on the strain indicates that the clustering results from a specific association rather than a nonspecific one. Although in the receptorless strain the degree of clustering might be additionally lowered by lower levels of the construct, in the ⌬tsr strain the concentration of the construct, 
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as measured by fluorescence, was similar, yet the clusters were absent, suggesting that this is not merely an issue of concentration. In addition the TM1 Q22F -sfGFP-TM2 construct in wildtype cells had sufficient amounts of protein in the membrane based on fluorescence yet did not form clusters. The Tap 1-212 -mCherry construct is homogenously distributed in the membrane, whereas the corresponding Tar construct clearly forms weak clusters, although it is apparently present in much lower concentrations.
Importantly, our results show that the observed clustering mediated by the TM helices is sequence-specific and apparently requires hydrogen-bonding contacts between TM helices. These data are consistent with previous data that examined the clustering of high-abundance and low-abundance receptors, demonstrating that Tap and Trg are less proficient in forming clusters than Tar and Tsr (14, 15, 30) . Notably, hybrids containing the periplasmic domain and transmembrane helices of the high-abundance receptors and the cytoplasmic part of the lowabundance receptors showed better clustering than the fulllength low-abundance receptors, indicating the existence of a determinant within the N-terminal piece of the high abundance receptors that promotes clustering (15) . Our study suggests that the transmembrane region could be the N-terminal piece of the high-abundance receptor involved in clustering. Indeed, the polar residues required for clustering are not conserved in Trg, and Tap carries a substitution in TM1 that has an apparent negative effect on TM-mediated interactions.
We further show that clustering mediated by TM helices of bacterial chemoreceptors involves the specific QXXS motif that is highly conserved among sequences of high-abundance receptors (31) . The disruption of this motif nearly abolished clustering of the TM1-sfGFP-TM2 construct and also reduced clustering of the full-length Tar. Moreover, the introduction of the entire QXXS motif from Tar into Tap significantly increased clustering of the latter. In contrast, when only the glutamine was introduced into the TM1 of Trg, the clustering even slightly decreased. These data suggest that all four residues in the QXXS motif are important for clustering, perhaps pushing the chemoreceptor into a conformation that favors the ability to cluster in the membrane. Because the introduction of the conserved motif found in Tar into Tap only enhanced the amount of proteins in complex but was not sufficient to promote Tar-like clustering, there are perhaps other parts of the Tar structure that contribute to its increased ability to cluster.
Considering the energetic cost of inserting polar residues into the membrane (32) along with the conservation of the QXXS motif, these residues are likely to have a functional role. This role may not be limited to dimerization (28) because TM helices could dimerize without employing the energetically costly glutamine (33) . Not only is the energetically costly glutamine present in the Tar sequence invariant along with a strongly conserved serine in the QXXS motif, the TM2 of Tar and Tsr does not contain the same level of polar residues further, suggesting that these residues have some sort of utility. Previously it was demonstrated that TM1 dimerized on its own, whereas TM2 did not (34) , and that this dimerization of TM1 was dependent on the sequence QXXS (28) . Consistently, an overexpressed peptide with the sequence of Tar TM1 interfered with chemotaxis mediated by the native Tar, whereas an equivalent peptide with the sequence FXXS did not (35) . Interestingly, this motif is also present in the sequence of TM helices of proteins with no apparent relation to chemotaxis, such as FtsW in Helicobacter pylori (31) , suggesting that similar mechanisms might play a role in clustering of other integral membrane proteins.
We further observed that TM-mediated clustering was dependent on the length of TM2 helix, in apparent agreement with the proposed role of hydrophobic mismatch between the height of the TM helix and the bilayer thickness in mediating receptor-interactions (20) . Although it is difficult to draw direct conclusions approximately the length of the helix versus height in the bilayer because of the ability of TM helices to tilt, the largest changes of TM length-expected to produce largest mismatch-showed the most pronounced effects on clustering. It is further possible that the observed effects of polar residues on clustering could be due to the influence of hydrogen bonding on the tilt of TM helices, through setting the helical-crossing angle. Hydrogen bonding between helices could effectively lock them in one conformation determining the position of one helix relative to another and also determining the height of the helices in the bilayer, as indicated by the reduced ability of the ϩ3TM2 construct to cluster in combination with the Q22F substitution.
Not only was clustering of the TM1-sfGFP-TM2 construct affected by the length of the helix, it was also sensitive to the microenvironment of the membrane, being seemingly influenced by the levels of other membrane proteins. It was difficult to ascertain whether the lack of clustering of TM1-sfGFP-TM2 in the receptorless strain was primarily due to an inability of the construct to cluster or reduced protein levels, because clustering appears to offer protection against degradation. Although it is possible that these additional proteins crowded the membrane, forcing an association of the TM1-sfGFP-TM2 con- 
struct, the effect appears to be specific in that overexpression of Tsr with Tap 1-212 -mCherry and Tar 1-214 -mCherry failed to generate the same level of clustering. Nonetheless, increased protein levels in the membrane might, for example, slow diffusion of the construct, thereby supporting the formation of clusters or influence the membrane environment by lipid sorting or increasing order in the membrane (21, 36) .
In addition to demonstrating TM-mediated protein clustering, our work also supports the model that this polar localization of full-length receptors is due to their trimer geometry that creates a curvature preference for the poles (24, 25) instead of an intrinsic preference for the polar membrane. Because the TM1-sfGFP-TM2 construct lacks the cytoplas-mic contacts needed to form trimers, it cannot perform such curvature sensing, and the TM1-sfGFP-TM2 clusters lacked polar localization.
The effects of mutations affecting the TM1-sfGFP-TM2 clustering via changes to the number of residues in the transmembrane helices in the full-length Tar were complex, likely because of changes in the TM region propagating conformation changes in the cytoplasmic domains that might affect receptor trimeric interactions or interactions with CheA and CheW. In contrast, the Q22F substitution reduced clustering of both TM1-sfGFP-TM2 and the full-length Tar. Importantly, these effects were only observed in the absence of modification enzymes, suggesting that methylation is able to push the 
chemoreceptor toward a conformation capable of clustering, as was already observed for low-abundance chemoreceptors (15) .
Although the cytoplasmic interactions with CheA and CheW thus clearly play a dominant role in clustering of full-length receptors, the observed TM-mediated interactions might still have an important physiological role, for example facilitating initial cluster formation before or during lattice assembly. Additionally, it was proposed that these interactions might mediate allosteric interactions among receptors that are important in chemotactic signaling (20) , although this hypothetical function needs further investigation.
Experimental procedures
Strains and plasmids
All of the strains and plasmids used in this study are listed in Table 2 . The strains were derived from E. coli RP437, a wildtype chemotaxis strain (37) . Receptor constructs were cloned into pKG116 (38) .
Growth conditions
Cell cultures were normally grown overnight in tryptone broth (1% tryptone, 0.5% NaCl) at 30°C, diluted 1:200 in fresh tryptone broth medium and grown for another 14 h at 20°C in a rotary shaker at 160 rpm until an A 600 of 0.3-0.4. Clustering of the full-length receptors was assayed in cultures grown for ϳ3 h at 34°C to A 600 of 0.4 -0.5. Ampicillin, chloramphenicol, and/or kanamycin were used at final concentrations of 100, 34, and 50 g ml Ϫ1 , respectively. Protein expression was induced with 1 M salicylate or 10 M isopropyl ␤-D-thiogalactoside (IPTG), unless indicated otherwise.
Fluorescence microscopy
The cells were applied to a thin agarose pad (1% agarose in tethering buffer (10 mM K 2 HPO 4 , 10 mM KH 2 PO 4 , 0.1 mM EDTA, 1 M methionine, 10 mM lactic acid, pH 7.0)). Fluorescence microscopy was performed at room temperature on a Nikon Ti-E inverted fluorescence microscope with Lumencor SOLA-SEII equipped with Andor Zyla sCMOS camera and filter sets for GFP (excitation filter, 470/40 nm; emission filter, 525/50 nm) and for mCherry (excitation filter, 575/25 nm; emission filter, 647/57 nm). Each imaging experiment was performed at least in duplicate on independent cultures. The cells chosen for each figure were representative of the entire image.
Quantification of clusters and the number of proteins in localized complexes
To access the ability of the various TM1-sfGFP-TM2 and full-length Tar constructs to form clusters, we counted the 
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number of cells that had visible clusters within a population of at least 100 cells. For the full-length Trg and Tap constructs, we employed a more elaborate method to access the number of proteins in complexes, because in this case every cell had polar clusters or more diffuse caps, and mutations affected the amount of protein in the clusters/caps rather than their number. To highlight the clusters or polar caps, the fluorescent images were blurred (Gaussian blur, 6-px radius), and the raw fluorescent image was divided by the blurred image. The resulting image was made binary using a threshold determined by the maximum entropy algorithm, which enabled to identify the protein complexes as regions of interest using ImageJ. The intensity of these regions of interest was then measured on the raw image and divided by the total intensity inside the cell to obtain the fraction of proteins in localized complexes. Finally, the mean fraction of proteins in these complexes was determined for 100 cells for the native receptor and each mutant.
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